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Abstract

Copper is a nutritional trace element required for cell proliferation and wound repair.

Methods—To explore increased copper uptake as a biomarker for noninvasive assessment of 

traumatic brain injury (TBI), experimental TBI in C57BL/6 mice was induced by controlled 

cortical impact, and 64Cu uptake in the injured cortex was assessed with 64CuCl2 PET/CT.

Results—At 24 h after intravenous injection of the tracer, uptake was significantly higher in the 

injured cortex of TBI mice (1.15 ± 0.53 percentage injected dose per gram of tissue [%ID/g]) than 

in the uninjured cortex of mice without TBI (0.53 ± 0.07 %ID/g, P = 0.027) or the cortex of mice 

that received an intracortical injection of zymosan A (0.62 ± 0.22 %ID/g, P = 0.025). Furthermore, 

uptake in the traumatized cortex of untreated TBI mice (1.15 ± 0.53 %ID/g) did not significantly 

differ from that in minocycline-treated TBI mice (0.93 ± 0.30 %ID/g, P = 0.33).

Conclusion—Overall, the data suggest that increased 64Cu uptake in traumatized brain tissues 

holds potential as a new biomarker for noninvasive assessment of TBI with 64CuCl2 PET/CT.
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Traumatic brain injury (TBI) is a significant cause of neurologic disability among the U.S. 

population, affecting those who are in car accidents, involved in contact sports, or exposed 

to a blast on the battlefield (1). Neuroimaging plays an important role in the diagnosis and 

clinical management of TBI patients. Among the neuroimaging modalities, CT is useful for 

evaluating head injury features such as hemorrhages and edema (2,3); MR imaging is useful 

when neurologic symptoms are unexplained by the CT findings, because of higher 

sensitivity for microhemorrhages and subtle nonhemorrhagic lesions (4,5); and PET is 

highly sensitive and quantitative in the assessment of brain perfusion (6) and changes in 

cerebral glucose metabolism (7,8). Because the sensitivity and specificity of 18F-FDG PET 

in TBI may be limited by abundant physiologic 18F-FDG uptake in nontraumatized brain 

tissues, it is important to search for new biomarkers for PET assessment of TBI.

Copper is an essential nutrient for the function of many enzymes present in physiologic and 

pathophysiologic processes of mammals (9,10). The brain is the organ containing the second 

largest amount of copper in the human body (11), and copper plays an important role in 

normal brain physiology (12). Copper is required for wound repair and regeneration, and 

increased copper has been detected in wound tissue (13,14). The molecular mechanisms by 

which copper plays a role in wound repair are not fully understood but may be related to 

induction of vascular endothelial growth factor expression for angiogenesis (15) and to 

copper-containing molecules serving an essential function in cell proliferation in the wound-

healing process. In response to TBI, there may be increased copper uptake by activated 

microglia secondary to posttraumatic neuroinflammation (16), copper/zinc superoxide 

dismutase (17), and potentially other copper transporters and chaperones defending 

oxidative damage (18).

We hypothesized that increased copper uptake in traumatized brain tissues may be tracked in 

vivo using radioactive copper and that increased uptake of 64Cu may be applied as a 

biomarker to assess TBI using 64CuCl2 PET/CT. This study tested our hypothesis by 

comparing cerebral uptake in 3 groups of mice: a group in which TBI was induced by 

controlled cortical impact (CCI), a normal control group without TBI, and a modified sham 

control group. In the modified sham procedure the skin was incised, and instead of the 

craniotomy performed in the regular sham control procedure, a small hole was drilled into 

the cranium to minimize cortical injury (19). To increase the strength of this control, after 

the hole had been drilled the mice received an intracortical injection of zymosan A. 

Although this modified sham control procedure may cause mild damage to brain tissue, we 

expected it to be less than that caused by the regular sham control procedure.

In an initial effort to differentiate uptake caused by the requirement for copper for wound 

healing from uptake caused by neuroinflammation, we assessed cerebral 64Cu uptake in TBI 

mice treated and not treated with minocycline, a tetracycline derivative with 

antiinflammatory effects in TBI (20). The results of this comparison are expected to be 

useful not only to investigate the molecular mechanism by which TBI increases copper 

uptake but also to determine whether 64CuCl2 is a useful tracer for detecting 

neuroinflammation in TBI with PET/CT and monitoring the therapeutic effects of 

minocycline and other antineuroinflammation medications.
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MATERIALS AND METHODS

Animals and Radiopharmaceuticals

Adult male C57BL/6 mice (12–13 wk old) were purchased from the animal resource center 

at the University of Texas Southwestern Medical Center. The mice were randomly assigned 

to 4 groups: a group in which TBI was induced by CCI (n = 7) and 3 control groups: one 

without TBI (normal controls, n = 5), a modified sham control group (n = 7), and a 

minocycline treatment control group (n = 7). 64Cu produced via 64Ni(p,n)64Cu on a 

biomedical cyclotron was purchased from Washington University in the form of 64CuCl2 in 

a 0.1 M HCl solution. The specific activity of 64Cu was 255.3 ± 92.5 GBq (6.9 ± 2.5 Ci)/

μmol. All small-animal experiments were conducted according to a protocol approved by the 

UT Southwestern Institutional Animal Care and Use Committee.

Procedures

TBI was induced using a modification of a previously described method (21–23). In brief, 

the mice were subjected to CCI using a Benchmark Stereotactic Impactor (Leica 

Microsystems) under 5% isoflurane anesthesia while in an adapted nosecone device. To 

maintain body temperature, each animal was placed on a heating pad and monitored using a 

rectal thermometer. The skin was incised to expose the skull, and a 5-mm-diameter 

craniotomy was performed to expose the right parietotemporal cortex. A 3-mm flat impactor 

tip was aligned, and an impact was delivered using the pneumatic cylinder at a velocity of 

4.4 m/s to a depth of 1.3 mm with a dwell time of 100 ms. Afterward, the cranium was 

replaced and tightened with Loctite (Henkel Corp.). The incision was closed with surgical 

clips. The animals were treated with buprenorphine (0.05 mg/kg) before and 12 h after 

injury to reduce pain and then were monitored for pain every 6 h until 24 h and once daily 

thereafter. To maintain body temperature, a heating pad was placed under the cage for 24 h 

after surgery.

The modified sham controls underwent the same procedure as the TBI group with the 

exception of the CCI step. Instead, after incision of the scalp, a 2-mm hole was drilled into 

the cranium, and a 2-μL intracortical injection of zymosan A solution (25 mg/mL in normal 

saline) was administered using a modification of a previously described method (24).

The minocycline treatment controls underwent the same procedure as the TBI group with 

the addition of a 60 mg/kg intraperitoneally injected dose of minocycline in 0.1 mL of 

normal saline 30 min after the injury and then every 12 h for 4 d (20).

Small-Animal PET/CT

The CCI-induced TBI mice underwent 64CuCl2 PET/CT 5 d after induction of the injury, 

along with the normal controls (n = 5), modified sham controls, and minocycline treatment 

controls. Imaging was performed with an Inveon system (Siemens) using a method 

described previously (25,26). Briefly, anesthesia was induced by inhalation of 3% isoflurane 

in 100% oxygen (3 L/min) at room temperature. The mice were placed in spread-supine 

position on the imaging bed, and anesthesia was maintained during the PET/CT procedure 

by inhalation of 2% isoflurane in 100% oxygen (3 L/min), using an isoflurane vaporizer 
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(Summit Anesthesia Solutions). After the initial CT scan, the mice were injected via the tail 

vein with 64CuCl2 at a dose of 74 kBq (2 μCi)/g of body weight as used previously (25,26), 

diluted into a total volume of 100 μL with normal saline (0.9% sodium chloride). A 30-min 

(5-min frames) dynamic whole-body data acquisition with the head in the center of the field 

of view began immediately afterward, followed by static imaging for 15 min at 2 and 24 h 

after injection. PET/CT images were reconstructed using 3-dimensional ordered-subsets 

expectation maximization and analyzed using Inveon Research Workplace software 

(Siemens), which allows fusion of CT and PET image volumes.

Quantitative Analysis of Brain 64Cu Activity

Inveon Research Workplace software was used for quantitative analysis of the PET images. 

Because of the suboptimal anatomic resolution of CT images, regions of interest (ROIs) 

were manually drawn on the PET/CT images in reference to an MR imaging–based atlas of 

mouse brain anatomy (27). Seven ROIs were defined: injured cortex in TBI mice or the 

corresponding area in mice without TBI (ROI 1), contralateral cortex on the noninjured side 

of the brain (ROI 2), ipsilateral hippocampus inferior to the injury site (ROI 3), 

hippocampus on the contralateral site (ROI 4), ipsilateral thalamus (ROI 5), contralateral 

thalamus (ROI 6), and cerebellum (ROI 7), as shown in Figure 1. The percentage injected 

dose per gram of tissue (%ID/g) for these 7 ROIs was obtained by dividing the regional 

tracer concentration (kBq/cm3) by the injected activity (kBq) and multiplying the result by 

100% using Inveon Research Workplace software.

PET/MR Fusion Display of Brain 64Cu Activity

To allow cerebral uptake to be viewed without interference from the intense activity at the 

craniotomy site (Figs. 1 and 2), an MR imaging–based atlas of normal C57BL/6 mouse 

brain (27) was coregistered to the CT images using a 7-parameter affine transformation 

(x,y,z translation, αβγ rotation, scaling). After coregistration, only activity overlying the MR 

atlas was retained, thus removing the intense activity in the scalp. This approach allowed 

detailed assessment of the uptake pattern in brain tissue relative to the anatomic landmarks 

provided by the atlas. All images were processed using AMIDE software (28).

Histologic Analysis

After undergoing imaging, the mice were placed in a room approved for housing animals 

injected with radiopharmaceuticals to allow complete decay of radionuclide activity (10 

half-lives of 64Cu = 127 h). Five days later, they were sacrificed using transcardiac perfusion 

with 4% formaldehyde in phosphate-buffered saline (PBS), followed by immersion fixation. 

The brains were removed, serially sectioned for the entire rostrocaudal axis, and paraffin-

embedded, after fixation with paraformaldehyde. The brain tissues were sectioned (5-μm 

sections) and then were stained with hematoxylin and eosin for microscopic examination of 

traumatic damage to brain tissues. Expression of rabbit polyclonal antiionized calcium 

binding adapter molecule 1 (IBa1), a biomarker specific for microglia and macrophages, in 

brain tissues was assessed by immunohistochemical analysis using IBa1 antibody (WAKO 

Chemicals USA) in a modification of a previously described method (29). Briefly, the 

deparaffinized sections were microwaved in sodium citrate buffer (5 min × 2) to retrieve the 
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antigen and incubated with 3% H2O2 in PBS for 5 min to inhibit endogenous peroxidase 

activity, washed in PBS, and blocked in PBS containing 1.5% normal blocking serum (ABC 

Kit PK-4001; Vector Laboratories) for 30 min. After incubation of the section slides with 

anti-IBa1 antibody (1:100 in PBS) for 2 h at room temperature, and with a biotinylated goat 

antirabbit IgG antibody (1:200 in PBS) for 1 h at room temperature, the immunoreactivity of 

IBa1 was revealed using ABC reagent (Vector Laboratories), diaminobenzidine 

tetrahydrochloride substrate, and hematoxylin counterstaining and was visually examined 

and semiquantitatively recorded as negative, mild, moderate, or intense, as described 

previously (30). Photomicrographs of the IBa1 immunoreactivity were taken using a 

microscope (Olympus) equipped with a digital camera (SPOT Imaging Solution).

Statistical Analysis

To determine whether uptake differs between the TBI mice and the 3 control groups, we 

applied a 3 × 7 mixed-design ANOVA, with the between-subjects factor representing the 4 

groups and the within-subjects factor representing the 7 ROIs. After a significant overall 

test, pairwise 2-sample t tests were conducted to determine significant differences between 

groups. To correct for multiple comparisons, the least significant difference test was 

performed for the post hoc tests.

RESULTS

Whole-Body Biodistribution

Whole-body images showed intense activity in the liver and less activity in the brain and 

muscles (Fig. 1 and Supplemental Table 1; supplemental materials are available at http://

jnm.snmjournals.org), similar to previous findings (25). At 30 min after injection, focally 

increased activity in the craniotomy wound was seen for the TBI mice (3.20 ± 0.56 %ID/g) 

and the modified sham controls (3.00 ± 1.43 %ID/g), compared with the normal controls 

(0.41 ± 0.21 %ID/g) (Fig. 1 and Supplemental Table 1).

64Cu Uptake in Untreated Traumatized Brain Tissues

In addition to the intense focus in the craniotomy wound (Figs. 2A and 2B), increased 

activity in traumatized brain tissue inferior to the craniotomy wound was seen for TBI mice 

(Fig. 2A) but not for normal controls (Fig. 2E) or modified sham controls (Fig. 2B). Focally 

increased activity was seen in the injured cortex (Fig. 2C) but not in the uninjured cortex 

contralateral to the CCI site in TBI mice (Fig. 2C), the cortex in normal controls (Fig. 2G), 

or the cortex in modified sham controls (Fig. 2D). Activity was also increased in the 

ipsilateral hippocampus inferior to the CCI injury (Fig. 2C) but not the contralateral 

hippocampus (Fig. 2C) or the hippocampus of the normal controls (Fig. 2G) or modified 

sham controls (Fig. 2D).

Dynamic imaging for 30 min after tracer injection showed that, compared with physiologic 

uptake in the uninjured contralateral cortex, there was a gradual increase in uptake in the 

traumatized cortex as well as uptake in the corresponding uninjured regions of the normal 

controls and modified sham controls (Fig. 3). At 30 min after injection, focal activity was 

significantly higher in the injured cortex (0.91 ± 0.26 %ID/g) than in the contralateral 
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uninjured cortex (0.60 ± 0.25 %ID/g, P = 0.005) or in the corresponding region of normal 

controls (0.48 ± 0.14 %ID/g, P = 0.003) or modified sham controls (0.48 ± 0.09 %ID/g, P = 

0.001), as shown in Figure 4 and Supplemental Table 1. The static PET/CT imaging showed 

a continuous increase in uptake in the traumatized cortex (0.91 ± 0.43 and 1.15 ± 0.53 

%ID/g at 2 and 24 h after injection, respectively), compared with the normal controls (0.48 

± 0.11 and 0.53 ± 0.07 %ID/g at 2 and 24 h after injection, respectively [P = 0.047 and 

0.027]) or the modified sham controls (0.48 ± 0.19 and 0.62 ± 0.22 %ID/g at 2 and 24 h 

after injection, respectively [P = 0.031 and 0.025]), as seen in Figures 4B and 4C. 

Additionally, uptake was higher in the ipsilateral hippocampus inferior to the injured cortex 

than in the contralateral uninjured hippocampus or the normal or modified sham controls 

(Fig. 4; Supplemental Table 1).

64Cu Uptake in Minocycline-Treated Traumatized Brain Tissues

Uptake in the traumatized cortex did not significantly differ between the minocycline 

treatment controls (Figs. 2F and 2H) and the TBI mice at 30 min or 2 h after injection of the 

tracer (Figs. 2A, 2C, and 5; Supplemental Table 1). At 24 h after injection, uptake in the 

traumatized cortex was slightly lower in the minocycline treatment controls (0.93 ± 0.30 

%ID/g) than in the untreated TBI mice (1.15 ± 0.53 %ID/g), although this difference did not 

reach statistical significance (P = 0.33). Uptake in the other regions of the brain did not 

significantly differ between the untreated TBI mice and the minocycline treatment controls 

(Fig. 5; Supplemental Table 1). Furthermore, uptake in the craniotomy wound did not 

significantly differ between the TBI mice and the minocycline treatment controls at 30 min 

or 2 h after injection. At 24 h after injection, uptake in the craniotomy wound was slightly 

lower in the minocycline treatment controls (2.35 ± 0.73 %ID/g) than in the untreated TBI 

mice (2.86 ± 1.16 %ID/g), although, again, this small difference did not reach statistical 

significance (P = 0.37).

Immunohistochemical Analysis of IBaI for Microglial Activation

After hematoxylin and eosin staining of tissue sections, encephalomalacia was grossly 

visible at the injury site of TBI mice (Figs. 6A and 6F) but not in the uninjured brain of 

normal controls (Fig. 6E). Slight encephalomalacia derived from intracortical injection of 

zymosan A was seen in the tissue sections of modified sham controls (Fig. 6B). IBa1 

immunoreactivity was detected in the injured cortex of TBI mice (Fig. 6C), indicating 

microglial activation. In contrast, the modified sham controls showed minimal 

immunoreactivity (Fig. 6D) and the normal controls showed none (Fig. 6G). 

Immunoreactivity was lower in the minocycline treatment controls (Fig. 6H) than in the 

untreated TBI mice (Fig. 6C).

DISCUSSION

Copper is a nutrient required for the function of many enzymes in humans. Radioactive 

copper was used for the preclinical study of copper metabolism in rodents using a small-

animal PET/CT scanner (25,26). The whole-body biodistribution of 64Cu in mice with or 

without TBI in the current study was similar to that of previous studies (25,26), with intense 

activity in the liver. As expected from an increased requirement for copper for wound 
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healing, intense focal activity was seen at the craniotomy wound (Fig. 1). Focally increased 

uptake was seen in the traumatized cortex of TBI mice, compared with the contralateral 

cortex of these mice or the corresponding region in mice without TBI. Uptake did not 

significantly increase in modified sham controls, as was supported by minimal tissue injury 

and few IBa1-positive cells in the cortex surrounding the zymosan A injection site. The 

absence of neuroinflammation in the cortex of modified sham control mice, which received 

intracortical injection of zymosan A, was similar to previous findings in rats (24) and 

different from findings when zymosan A was injected deeply into the corpus callosum (31). 

To the best of our knowledge, our study is the first to demonstrate increased radioactive 

copper uptake in CCI-induced experimental TBI, using a small-animal PET/CT scanner.

The molecular mechanisms of increased 64Cu uptake in traumatized brain tissue remain to 

be elucidated. Compared with untreated TBI mice, the minocycline treatment controls 

showed decreased IBa1 immunoreactivity (Fig. 6D) but only a small decrease in 64Cu 

uptake (0.93 ± 0.30 vs. 1.15 ± 0.53 %ID/g, P = 0.33) as shown in Figure 5. Our results 

suggest that increased uptake of 64Cu in the traumatized brain tissues is likely caused by a 

combination of increased copper uptake by activated microglial cells (16), copper/zinc 

superoxide dismutase (17), and other copper transporters or chaperones (12). In view of the 

potential difference in neuroinflammation between the time of PET/CT and the time of 

postmortem brain tissue harvesting, 5 d after PET/CT, it would be ideal to correlate uptake 

and neuroinflammation with PET/CT using 64CuCl2 and other tracers specific for 

biomarkers of neuroinflammation simultaneously (31,32).

Additional studies are also necessary to address a few issues. The first issue is that 

quantification of increased 64Cu uptake in traumatized brain tissues in TBI mice may be 

confounded by disruption of the blood–brain barrier in these tissues. However, several lines 

of evidence suggest that the observed increase in uptake is likely caused by an increased 

demand for copper. Analysis of dynamic PET data demonstrates a time-dependent increase 

in uptake in traumatized cortex as compared with contralateral nontraumatized tissues, 

suggesting that the uptake is caused by a gradually increasing accumulation of copper, not 

simply by 64Cu leakage due to blood–brain barrier disruption. The second issue is that it 

remains to be determined whether increased cerebral activity in the brains of the TBI mice 

quantified by PET reflects an increase in the absolute number of copper ions in brain tissue. 

Further validation may be possible by correlating activity measured by PET with the 

quantity of copper ions as determined by methods such as laser ablation inductively coupled 

plasma mass spectrometry (33,34). The third issue is that anatomic localization of activity 

measured in regions of the mouse brain by PET/CT may be subject to error given the small 

size of the brain and the spatial resolution of the small-animal PET/CT scanner.

Multiple positron-emitting copper isotopes are available for imaging copper metabolism 

with PET. These include 60Cu (t1/2 23.7 min, 93% β+, 7% electron capture), 61Cu (t1/2, 3.32 

h, 60% β+, 40% electron capture), 62Cu (t1/2, 9.74 m; 98% β+, 2% electron capture), 

and 64Cu (t1/2, 12.7 h, 17.4% β+, 43% electron capture, 39% β−). 64Cu has a physical decay 

half-life of 12.7 h, which allows shipping of 64Cu radiopharmaceuticals from the production 

site to a remote imaging facility. Safe use of 64CuCl2 as a radioactive tracer for noninvasive 

assessment of TBI in humans with PET/CT is supported by previous use of 64CuCl2 to 
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assess copper metabolism in healthy humans and Wilson disease patients (35–37); human 

radiation dosimetry estimates for 64CuCl2 comparable to those for 18F-FDG (25); minimal, 

if any, concern about the cytotoxicity of copper ions in view of the tiny amount of copper 

ions in a tracer dose of 64CuCl2 compared with the amount of copper in a normal diet (38); 

and physiologic passage of 64Cu through blood–brain barriers (39) mediated by human 

copper transporter 1 or other copper transport molecules in neurons (12). Considering the 

potential difference in copper response to injury between rodents and humans, the data from 

this preclinical study support clinical studies of 64CuCl2 PET/CT for noninvasive 

assessment of TBI.

CONCLUSION
64CuCl2 PET/CT detected focally increased uptake in the traumatized cortex of CCI-induced 

TBI mice. The molecular mechanisms for the increased 64Cu uptake in the traumatized brain 

tissues remain to be elucidated but are likely related to a nutritional requirement for copper 

ions for repair of CCI-induced TBI. The increased uptake of radioactive copper holds 

potential as a new biomarker for assessment of TBI with PET/CT.
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FIGURE 1. 
64CuCl2 PET/CT images showing biodistribution of 64Cu. (A) TBI mouse shows intense 

physiologic activity in liver, as well as in kidney and intestine regions on left-sided whole-

body images. Physiologic activity is also seen in soft tissue inferior to brain. Focally 

increased uptake was seen in craniotomy wound 2 h after injection. Activity pattern in brain 

tissue is poorly demonstrated because intensity scale is optimized to show whole-body 

biodistribution. (B) Mouse without TBI shows physiologic activity in liver, kidneys, and 

intestines and abundant activity in urinary bladder. ROIs for PET quantitative analysis are 

shown on right-sided coronal and sagittal views of brain.
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FIGURE 2. 
64CuCl2 PET/CT images showing increased activity in traumatized brain tissues. Focally 

increased activity is seen in untreated TBI mouse (A) and minocycline treatment control (F) 

but not in modified sham control (B) or normal control (E). Intense focal activity is seen in 

skin wound (A, B, and F), and physiologic uptake is seen in soft tissue inferior to skull base 

(A, B, E, and F). For better visualization of activity in brain tissues without spillover from 

skin wound, cerebral activity is schematically displayed using PET images overlaid on MR 

atlas of mouse brain. Locally increased uptake in injured brain tissues is seen in untreated 

TBI mouse (C) and minocycline treatment control (H). In contrast, uptake is not 

significantly increased in normal control (G) or modified sham control (D). Black arrows 

point to CCI injury, and white arrows to skin wound/craniotomy. p.i. = after injection.
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FIGURE 3. 
Time–activity curves of brain uptake on dynamic 64CuCl2 PET/CT. Uptake was higher in 

TBI cortex than in contralateral cortex or corresponding region in normal controls. Uptake 

was minimally higher in ipsilateral TBI hippocampus than in contralateral hippocampus or 

corresponding region in normal controls. In contrast to the continuous increase in uptake in 

TBI cortex and ipsilateral hippocampus, activity gradually declined in other brain regions of 

TBI mice (ROIs 2, 4, 5, and 6), which reached same level as in normal controls by end of 

the 30-min dynamic PET analysis.
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FIGURE 4. 
Quantification of increased 64Cu uptake in traumatized brain tissues on 64CuCl2 PET/CT. 

Uptake increased significantly in TBI mice, compared with normal controls or 

corresponding region in modified sham controls, at 30 min, 2 h, and 24 h after injection, 

respectively. p.i. = after injection.
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FIGURE 5. 
Effect of minocycline on 64Cu uptake in injured cortex. Significantly increased uptake was 

detected in TBI mice with or without minocycline treatment, compared with normal 

controls. Uptake was not significantly decreased in minocycline treatment controls, 

compared with untreated TBI, at 30 min, 2 h, or 24 h after injection of 64CuCl2. p.i. = after 

injection.
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FIGURE 6. 
Hematoxylin and eosin staining and IBa1 immunoreactivity of injured cortex. 

Encephalomalacia is grossly visible in stained sections from TBI mice, whether treated (A) 

or not (F) with minocycline, but not in sections from mice without TBI (E). Staining shows 

minimal cortical damage in modified sham controls (B). IBa1-positive cells in injured cortex 

are more numerous in TBI mice (C) than in modified sham controls (D). There are no IBa1-

positive cells in normal controls (G) and few, if any, in minocycline treatment controls (H), 

indicating the antineuroinflammatory activity of minocycline.
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